Micro/nanoparticle (NP)-based therapy delivers particles containing therapeutic agents to a target area using the enhanced permeability and retention (EPR) effect[@b1], which has been developed for various biomedical applications, including tumor treatments[@b1]. However, this method has some limitations in cancer therapy because it depends only on the leakage property of tumor vessels, which can be influenced by several factors[@b2][@b3][@b4][@b5]. These factors include heterogeneous blood flow by an abnormal vascular network, permeability due to a structural abnormality of the tumor's blood vessels, gradient cell proliferations due to heterogeneity of the blood supply, and high intratumoral pressure[@b1][@b2][@b3][@b4][@b5]. Therefore, the particles themselves cannot penetrate into the avascular central region of a tumor using the EPR effect. Moreover, because the size and surface features of the particles can affect their delivery efficacy into the tumor using the EPR effect, smaller and positively charged particles show greater accumulation in tumors[@b2][@b3]. Particles larger than 100 nm or with positively charged surfaces can be cleared by phagocytic uptake and hepatic filtration[@b2], and particles smaller than 10 nm can also be excreted by the kidney[@b2]. Thus, the efficacy of drug delivery using particle-based therapy with EPR effects showed an increase of only 20--30% in tumors compared with normal organs[@b1].

To overcome these limitations, cancer therapy using immune cells has been proposed, wherein the immune cells function as vectors or carriers for the delivery of therapeutic agents[@b6]. The immune cells have great potential abilities, such as tumor targeting properties, localization of therapeutic agents to the tumor lesion, and prevention of the spread of therapeutic agents into normal tissues[@b6]. Among these immune cells, macrophages, which make up a major portion of the innate immune system, perform diverse functions, such as phagocytosis of foreign pathogens, injured cells, and cell debris; activation of the immune system through antigen presentation; and secretion of various cytokines. As such, they are essential for immune responses[@b7], including against tumors[@b8]. In the tumor microenvironment, many peripheral macrophages are infiltrated into or around the tumor mass by its chemoattractive gradient[@b8], and these tumor infiltrated macrophages are referred to as tumor-associated macrophages (TAMs)[@b9]. TAMs can make up over 70% of the cells in breast carcinoma[@b9]. TAMs can traverse the blood--brain barrier (BBB) and vascular endothelium, penetrate into avascular regions, eventually can exist not only in the vascular region, but also in the avascular regions, such as infarction[@b10] and tumor hypoxic regions[@b8]. In particular, TAMs have been reported to accumulate in high density in the central hypoxic regions of tumor tissues[@b8]. These TAMs exert cytotoxic effects on tumor cells in the early stages of the immune response[@b11], but TAMs were also associated with poor prognoses which they might promote the propagation of malignant solid tumors, including breast cancer, non-small-cell lung cancer, and Hodgkin's lymphoma[@b8][@b9][@b10][@b11][@b12][@b13]. It has been reported that these macrophages might promote tumor progression by regulating angiogenesis, enhancing inflammatory response and tumor cell dissemination, and suppressing immune response[@b8][@b9][@b10][@b11][@b12][@b13]. However TAMs have short lifespan and non-proliferative property, they have to continuously be recruited into tumor[@b14][@b15]. Therefore after delivery of TAMs as drug carriers into central hypoxic region in the tumor, elimination or destruction of TAMs with tumor hypoxic region, may induce tumor suppression by killing tumor cells and prevent metastasis of tumor cells. Thus, macrophage-mediated drug delivery can provide a strategy to carry therapeutic agents to malignant solid tumors.

A magnetic-based cell therapy, which consists of magnetic particle-loaded cells that can be delivered into target tissue by magnetic target system has recently been proposed as an advanced cell therapy[@b16]. When disease is generated in multiple sites or in an inaccessible tissue, therapeutic cells only have to be injected systemically[@b14]. However, magnetic-based cell therapy facilitates the precise delivery of a therapeutic drug with magnetic NPs (MNPs) to a specific target lesion[@b17]. The magnetic particle-containing cells can be traced or delivered to diverse organs using an external magnetic field in a fluid environment such as blood vessels, lymphatic vessels, or the urinary tract[@b17]. In addition, magnetic-based drug delivery has particular therapeutic potential for inaccessible organs such as brain and liver. Especially, some types of tumors are in a hypoxic state in the center of an abnormal vascular network, thus lowering the therapeutic effects of radiotherapy or chemotherapy[@b17]; the therapeutic effects can be improved by using EMA system.

Biodegradable PLGA NPs have been widely used for drug delivery in tumor therapy as carriers of antitumor agents, DNA encoding, and tumor-associated antigens[@b18]. PLGA, which has been approved for human use by the US Food and Drug Administration, has great potential as a carrier of peptides, DNA, and antigens[@b19][@b20][@b21]. In addition, PLGA NPs possess many advantages as carriers in a delivery system, such as non-toxicity, easy cell internalization, protection of the loaded agents from degradation, and prolonged drug release[@b18]. Moreover, internalized PLGA particles with 0.1--10 μm diameters in particular can generate a cytotoxic CD8 + T lymphocyte response by antigen presentation of immune cells[@b22], which can elevate tumor-associated immune responses. As such, PLGA particle size influences the stability of intracellular PLGA particles, the amount of drug loading, and the drug release rate[@b23].

In this study, we propose an active, hybrid-actuating, macrophage-based microrobot for drug delivery, which can be actuated not only by an EMA system, but also by the tumor infiltration properties of macrophages. The macrophage-based microrobots are fabricated using the phagocytosis of a mouse origin macrophage cell line (J774A.1) to iron oxide (Fe~3~O~4~) NPs and docetaxel (DTX)-encapsulated poly-lactic-co-glycolic acid (PLGA) nanoparticles. An EMA system is used for the macro-manipulation mechanism of the macrophage-based microrobot. Finally, the targeting and therapeutic effects of the proposed macrophage-based microrobots toward different types of tumors are qualitatively and quantitatively evaluated using microfluidic channel, live cell imaging technique, and cytotoxicity tests.

Results
=======

Fabrication of macrophage-based microrobots
-------------------------------------------

[Figure 1](#f1){ref-type="fig"} presents the schematic design concept of macrophage-based microrobots for the active, targeted delivery of anticancer drugs to solid tumors. The macrophage-based microrobots were fabricated using the internalization activities (phagocytosis) of immune cells (macrophages) when the macrophages were co-incubated with PLGA NPs containing Fe~3~O~4~ and an anti-tumor drug[@b24][@b25]. To induce the therapeutic effects of the macrophage-based microrobots against tumors, DTX was encapsulated in the PLGA NPs. The macrophage-based microrobots were designed to have hybrid actuation through active tumor targeting by the EMA system and infiltration into the tumor tissue by macrophage recruitment. Therefore, first, to guide the macrophage-based microrobots to the sites of interest, such as tumors, Fe~3~O~4~ NPs were loaded into the PLGA NPs. Then, the motions of the macro-based microrobots could be controlled using an external EMA system. Second, using the self-actuating abilities of the macrophage, the macrophage-based microrobots were able to infiltrate into the tumor tissue and release the loaded therapeutic agents to kill the tumor tissue or inhibit its growth (i.e., suicide-bombing microrobots).

In this study, we prepared PLGA NPs containing Fe~3~O~4~ and DTX for cellular internalization. First, biocompatible Fe~3~O~4~ NPs were synthesized using a modified, controlled chemical co-precipitation method to obtain Fe~3~O~4~ NPs that were ultrafine, uniform, and nearly spherical, which could be well dispersed in an aqueous solution due to COO- on the surfaces of the NPs[@b26]. In this method, a mixture of ferrous/ferric salt solution was used in an alkaline medium, and sodium oleate was used as a surfactant. [Figure 2a](#f2){ref-type="fig"} shows a transmission electron microscope (TEM) image of the fabricated Fe~3~O~4~ NPs with a mean diameter of 10 nm. The PLGA-DTX-Fe~3~O~4~ NPs were prepared using a single emulsion method[@b14][@b27]. The fabricated PLGA-DTX-Fe~3~O~4~ NPs had spherical surfaces and homogeneous sizes with an average diameter of 300 nm, as shown in a scanning electron microscope (SEM) image ([Fig. 2b](#f2){ref-type="fig"}), TEM image ([Fig. 2c](#f2){ref-type="fig"}) and a size distribution chart ([Fig. 2d](#f2){ref-type="fig"}). The successful encapsulation of the Fe~3~O~4~ NPs into the PLGA-DTX-Fe~3~O~4~ NPs was confirmed by the TEM image and the EDX mapping, which showed the even distribution of the Fe~3~O~4~ NPs ([Fig. 2d](#f2){ref-type="fig"}) and the qualitative inclusion of Fe element inside the PLGA-DTX-Fe~3~O~4~ NPs ([Fig. 2e](#f2){ref-type="fig"}), respectively. In addition, the magnetization of the fabricated PLGA-DTX-Fe~3~O~4~ NPs was measured ([Fig. 2f](#f2){ref-type="fig"}).

The internalization of the PLGA-DTX-Fe~3~O~4~ NPs into the macrophages was accomplished via the phagocytosis of the macrophages, which was induced by co-culturing them[@b25]. Because macrophages innately carry phagocytosis capacity, diverse therapeutic NPs can be embedded easily into the macrophages[@b8]. To confirm the engulfment, the carboxylic functional groups of the PLGA-DTX-Fe~3~O~4~ NPs were covalently linked with streptavidin-PerCP-Cy5.5, and the macrophages were stained using fluorescein isothiocyanate (FITC). As shown in [Fig. 3a](#f3){ref-type="fig"}, the signal of Cy5.5 (red) was well detected within the macrophages (green) under a confocal microscope. In addition, the accumulative drug release of DTX from the macrophages after the PLGA-DTX-Fe~3~O~4~ NPs internalization, was measured ([Fig. 3b](#f3){ref-type="fig"}). These results confirmed the successful fabrication of the PLGA-DTX-Fe~3~O~4~-NP-engulfed, macrophage-based microrobots for chemotherapeutic functions.

Motility evaluation of macrophage-based microrobots in a microfluidic channel
-----------------------------------------------------------------------------

It was expected that the macrophage-based microrobots would be able to exhibit advanced tumor-targeting properties, as macrophages possess innate tumor-infiltration characteristics and macrophage-based microrobots with internalized MNPs can be manipulated using an EMA system. To evaluate their motility, we fabricated a microfluidic chamber, which was introduced in our previous report[@b28]. This microfluidic channel can simply maintain a stable and uniform concentration of chemoattractant with no flow, which enables the confirmation of the tumor-targeting properties of the macrophages and MNPs. This system consists of two chambers---one chamber was filled with tumor cell spheroids or lysates and the other chamber was loaded with the microrobots ([Fig. 4a](#f4){ref-type="fig"}).

At first, the tumor infiltration property of the macrophages was evaluated using tumor spheroids with 4T1 and CT-26 cells, and only macrophages. After co-incubation of the macrophages and the tumor spheroid for 24, the macrophages were observed in and around the tumor spheroids. Therefore, we could confirm that the macrophages were attached on the surfaces of the tumor spheroids or infiltrated around the spheroids ([Supplementary Information, Fig. S1](#S1){ref-type="supplementary-material"}). Then, to evaluate the external actuation of the microrobots, the microfluidic channel was placed in the middle of the region of interest (ROI) in the EMA system ([Fig. 4a](#f4){ref-type="fig"}), which generated an actuation force on the MNP-containing, macrophage-based microrobots with a uniform gradient magnetic field of 10 mT/m. The motion of the microrobots was recorded using a CamScope, and their velocity was calculated from the recorded images by a tracking algorithm using MATLAB. The microrobots were loaded into one chamber and the tumor spheroid was loaded into the other chamber. Then, the magnetic field was applied for ten minutes, from the microrobot chamber towards the tumor spheroid chamber. Through the magnetic actuation force of the EMA system, the microrobots were able to move toward the spheroid. Some of the microrobots moved separately, but most of them exhibited collective movement. The microrobots moved at different velocities, ranging 17--63 μm/sec according to the aggregation of the microrobots, as shown in [Fig. 4b](#f4){ref-type="fig"}. When we removed the magnetic actuation force, the movement of the microrobots was significantly reduced at 0.4 μm/sec ([Fig. 4b](#f4){ref-type="fig"}). During a four-minute application of the magnetic field, most of the loaded macrophage-based microrobots attached to the tumor spheroid ([Fig. 5f](#f5){ref-type="fig"}). The magnetic field was then turned off, and the tumor spheroid and infiltrated microrobots were incubated and monitored for 24 h at 37 °C and 5% CO~2~ ([Fig. 5g--i](#f5){ref-type="fig"}). Most of the microrobots that had migrated toward the tumor spheroid showed infiltration in and around the spheroid by the tumor infiltration property of the macrophages during the incubation. The microrobots that attached to the surfaces of the tumor spheroid immediately after the EMA was turned off showed the same properties after 24 h. The microrobots near the spheroid also moved toward it; they subsequently attached to and accumulated on the surface of the tumor spheroid after 24 h ([Fig. 5g--i](#f5){ref-type="fig"}).

Confirmation of the tumor-killing effects of the macrophage-based microrobots
-----------------------------------------------------------------------------

The cytotoxicity of the proposed macrophage-based microrobots was evaluated qualitatively using an inverted microscope. For this purpose, the morphologies of the 4T1 and CT-26 cells were captured at 24 and 48 h after treatment with different samples: macrophages only, macrophage-based microrobots without drug (macrophage-based microrobots with PLGA-Fe~3~O~4~), and macrophage-based microrobots with drug (macrophage-based microrobot with PLGA-DTX-Fe~3~O~4~). As shown in [Fig. 6](#f6){ref-type="fig"}, the macrophages only and the macrophage-based microrobots without drug had almost no therapeutic effects on the cancer cells. In contrast, the proposed macrophage-based microrobots with the drug induced considerable therapeutic effects against the cancer cells, evidenced by significant changes and decreased cell morphology after 24 and 48 h.

The therapeutic effects of the macrophage-based microrobots were evaluated quantitatively using MTT assay results. As indicated in [Fig. 6b](#f6){ref-type="fig"}, the viability of the cancer cells after treatment with the macrophages only and with the macrophage-based microrobots without the drug remained over 90% after 24 and 48 h. However, when treated with macrophage-based microrobots with a drug concentration of 20 ng/ml, the viability of the 4T1 cells decreased to about 60% after 24 h and 50% after 48 h, and the viability of the CT-26 cells decreased to about 50% after 24 h and 40% after 48 h.

Discussion
==========

In this study, macrophage-based microrobots were fabricated that consisted of PLGA NPs containing Fe~3~O~4~, the drug DTX, and the macrophage, and their tumor-targeting and therapeutic effects were evaluated. NPs can be internalized efficiently by cells through endocytosis[@b29][@b30], but they have exhibited rapid leakage from cells by exocytosis unless they are attached to the cell membrane[@b31][@b32]. In addition, NPs (\<200 nm in diameter) representatively have accommodated lower loaded drug concentrations and displayed earlier drug release rates compared with larger particles, whereas particles \~1 μm in diameter have remained stably within cells for several weeks[@b23].

PLGA NPs 300 nm in diameter, containing Fe~3~O~4~ and DTX were fabricated and internalized into macrophages through co-incubation for 12 h. These macrophages modified with PLGA NPs containing Fe~3~O~4~ and an antitumor drug showed no changes in cell phenotypes, including attachment property, viability, and proliferation rate. However, these macrophage-based microrobots displayed active actuation toward a tumor spheroid through EMA ([Fig. 5](#f5){ref-type="fig"}) and demonstrated considerable therapeutic effects against 4T1 and CT-26 tumor cell lines ([Fig. 6](#f6){ref-type="fig"}). Therefore, in this study, macrophages were used as vectors for drug delivery to tumor areas. The drug- and MNP-containing macrophages were actively actuated through the interaction between the MNPs and the EMA system. Moreover, infiltration of the tumor environment was indicated by the innate macrophage characteristics and cytotoxic effects on tumor cells caused by the chemotherapeutic effect of the contained agent.

Magnetic based drug delivery system, which uses magnetically reacting objects, therapeutic agents and magnetic field generators (e.g. permanent magnet or EMA system), has been applied to enhance therapeutic drug delivery to target regions of tumors, infections, ischemia and other diseases[@b33][@b34][@b35][@b36]. The magnetic field can physically guide the therapeutic drugs to target disease region, which can reduce the side effects of chemotherapy by low drug concentration of other organs. This magnetic based drug delivery system can be also used to enhance the drug targeting through the penetration into cellular barriers, such as brain blood barrier (BBB) and round window membrane (RWM) in inner ear[@b33][@b37]. In these cases, the magnetic fields generated the pulling force of the drug containing magnetic particles, improved the penetration of the drug into the barriers of brain and inner ear, and enhanced the therapeutic effect. In addition, the magnetic based delivery system can be also used in a cell-based regenerative medicine therapy using stem cells[@b38], where magnetic particle labeled cells can be guided to the target region and retained by a magnetic field. Over the past 15 years, magnetic cell therapy has gained interest as a modification for improving the delivery of therapeutic cells to a target region and prolonging their presence there[@b38]. Preclinical reports have stated that magnetic cell therapy has resulted in 1.5--30-fold greater cell delivery to a target region and a sustained cell population compared non-magnetic cell therapy[@b38][@b39][@b40][@b41][@b42][@b43]. Consequently, magnetic cell therapy might reduce the costs associated with cell production by requiring fewer cell injections, side effects such as off-targeting due to loss of cells, enhancing therapeutic effects.

In conclusion, we fabricated active actuating, macrophage-based microrobots containing a therapeutic agent for cancer therapy, and we evaluated their targeting performance and therapeutic effects. The macrophages demonstrated efficient internalization of the therapeutic agents and MNPs due to their innate phagocytic characteristics. The macrophage-based microrobots exhibited hybrid actuation of the active electromagnetic actuation toward a tumor spheroid by an EMA system and efficient recruitment around the tumor spheroid due to the intrinsic tumor infiltration property of the macrophages. Finally, the chemotherapeutic effects of the macrophage-based microrobots against tumor cell lines were verified. In the future, in order to apply these active actuating, macrophage-based microrobots to clinical applications in cancer therapy, the fabrication procedures used should be optimized and their performance should be verified through *in vitro* and *in vivo* experiments.

Methods
=======

Preparation of antitumor drug-encapsulated magnetic nanoparticles (PLGA-DTX-Fe~3~O~4~ NPs)
------------------------------------------------------------------------------------------

First, Fe~3~O~4~ NPs were prepared using a chemical co-precipitation technique[@b26]. Briefly, 1.622 g (10 mM) iron (III) chloride and 0.634 g (5 mM) iron (II) chloride were dissolved in 12 mL of a hydrochloride aqueous solution (HCl 1 M) to synthesize the Fe~3~O~4~ NPs. Then, this solution was added to 50 mL of hydroxide aqueous solution (NaOH 1 M) containing 3 g of oleic acid, with vigorous stirring for 60 min under protection of dry nitrogen at 60 °C. At this step, the color of the solution turned from light brown to black, and the Fe~3~O~4~ NPs were formed and precipitated. Next, the precipitates were washed by repeated cycles of centrifugation and re-dispersed into an absolute alcohol solution. The washing process was performed three times, after which the final Fe~3~O~4~ NPs were dried in a vacuum chamber at room temperature for 48 h. The PLGA-DTX-Fe~3~O~4~ NPs were prepared using a single emulsion method[@b27]. Briefly, the PLGA (Sigma-Aldrich Chemical, St. Louis, MO), Fe~3~O~4~ NPs, and DTX (Samyang Biopharmaceutical Corp., Daejeon, Korea), in a mass ratio of 10:10:1, were dissolved in 2 mL dichloromethane and mixed vigorously for 15 min (oil phase). The solution was then poured into 40 mL PVA 1% (water phase) to make an oil-in-water system. The droplets of PLGA-DTX-Fe~3~O~4~ NPs in the oil-in-water system were emulsified by sonication (VC750; Sonics & Materials, Newton, CT), and the solution, including the fabricated droplets, was placed in a fume hood overnight to evaporate the solvent. Then, the PLGA-DTX-Fe~3~O~4~ NPs were washed five times with deionized water (DI water) and stored at 4 °C. The sizes of the PLGA-DTX-Fe~3~O~4~ NPs were evaluated using a particle size analyzer (ELS-8000; Otsuka Electronics, Osaka, Japan), and the surface morphologies of the PLGA-DTX-Fe~3~O~4~ NPs were investigated using a SEM (SS-550; Shimadzu, Kyoto, Japan). A TEM and a confocal laser scanning microscope (TCS SP5/AOBS Tandem; Leica, Wetzlar, Germany) were used to confirm the encapsulation of the DTX and Fe~3~O~4~ NPs in the PLGA-DTX-Fe~3~O~4~ NPs.

Cell culture
------------

A mouse macrophage cell line, J774A.1, was obtained from Sigma-Aldrich. The mammary carcinoma cell line 4T1 and the murine colorectal cancer cell line CT-26 were purchased from American Type Culture Collection (Manassas, VA). The J774A.1 cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin, purchased from Gibco BRL (Gaithersburg, MD). The 4T1 and CT-26 cells were cultured in Dulbecco's Modified Eagle's medium (DMEM) (Lonza, Walkersville, MD) containing 10% FBS and 1% (v/v) antibiotics. The J774A.1 cells were collected using a cell scraper and the other cells were dissociated using 0.5% trypsin-EDTA (Life Technologies, Grand Island, NY). All cells were centrifuged at 1200 rpm for 3 min, and the obtained pellets were suspended in the growth medium.

Motility evaluation of macrophage-based microrobot in a channel
---------------------------------------------------------------

[Figure 3a](#f3){ref-type="fig"} depicts the experimental setup for evaluating the motility of the macrophage-based microrobots. The experimental setup consisted of the microfluidic channel, the EMA system, and a CamScope imaging apparatus (CamScope PLUS; Sometech, Seoul, Korea).

Fabrication of motility evaluation channel
------------------------------------------

The motility chamber was designed to test the controllability of the microrobots carrying Fe~3~O~4~ NPs and DTX-encapsulated PLGA NPs using an EMA system. As shown in [Fig. 3a](#f3){ref-type="fig"}, the chamber consisted of a polydimethylsiloxane (PDMS) frame attached to a slide glass, an agarose chamber containing two working chambers connected by microtubing, with DMEM solution outside the agarose chamber. One of the two working chambers was used to load the microrobots and the other one was used to load the tumor spheroid. Using the EMA system, the macrophage-based microrobots could be controlled to target the tumor spheroid and inhibit its growth by releasing the encapsulated drug. The motility chamber was fabricated using conventional micro-molding of hydrogel patterns. Briefly, a mold with a dumbbell-like structure was fabricated in a 3-D printer (Objet30 Pro; Stratasys, Eden Prairie, Minnesota, USA) and a rectangular PDMS frame was prepared and attached to the slide glass using an O~2~ plasma asher. Then, 2% (w/v) agarose in DI water was poured into the PDMS frame, covering the mold, which was placed in the center of the chamber. After the agarose channel had cured at room temperature, the mold was removed to make the working chambers. To maintain enough medium for the experiments, DMEM was added to the section between the PDMS frame to diffuse into the working chambers through agarose, as shown in [Fig. 3a](#f3){ref-type="fig"}.

Electromagnetic actuation (EMA) system
--------------------------------------

An EMA system was adopted for the external active actuation of the macrophage-based microrobot, as shown in [Fig. 3a](#f3){ref-type="fig"}. The EMA system consisted of three pairs of Helmholtz coils-one pair each on the x-axis, y-axis, and z-axis---and two pairs of Maxwell coils---one pair each on the x-axis and y-axis. The role of the three pairs of Helmholtz coils was to create a uniform magnetic flux, while the purpose of the two pairs of Maxwell coils was to induce a uniform gradient of magnetic flux in the ROI. The motion of the microrobots in the ROI of the EMA system could be controlled by the currents of the EMA system using an NI PXI controller and the LabVIEW program (National Instruments, Austin, TX). The induced torque (**T**) and propulsive force (**F**) on the microrobot could be determined as

where V, **M,** and **B** are the volume and magnetization of the microrobot and the magnetic flux in the ROI of the EMA system, respectively; ∇ denotes the gradient symbol[@b44][@b45].

Preparation of tumor spheroids
------------------------------

The 4T1 and CT-26 tumor spheroids were prepared[@b16]. Briefly, a confluent culture of the cells was harvested using 0.5% trypsin-EDTA, washed in PBS, centrifuged, and suspended in DMEM. After that, 20 μL drops of the cell suspension containing 10^4^ cells were placed on the inner surfaces of the covers of 10 cm cell culture dishes prepared with 10 mL DMEM. The hanging drops of cell cultures over the medium were incubated in a humidified incubator. After enough growing time elapsed (about six days), the cellular tumor spheroids were obtained and harvested using a pipette.

Qualitative tumor-killing effects of macrophage-based microrobots by live-cell imaging
--------------------------------------------------------------------------------------

The migration and attachment of the macrophage-based microrobots toward the tumor spheroids were evaluated using live-cell imaging (CU-109; Live Cell Instrument, Seoul, Korea) and observed under an inverted microscope (Ti-U; Nikon USA, Melville, NY). Specifically, the harvested 4T1 and CT-26 tumor spheroids were prepared in 10 mL cell culture dishes containing DMEM. The spheroids were then treated with macrophage-based microrobots with PLGA-DTX-Fe~3~O~4~. For comparison, the spheroids were also treated with macrophages only and with macrophage-based microrobots without the drug (macrophage-based microrobots with PLGA-Fe~3~O~4~). Finally, the morphology changes of the spheroids were measured using the live-cell imaging apparatus and the inverted microscope.

*In vitro* drug release study
-----------------------------

The *in vitro* drug release of DTX from the PLGA-DTX-Fe~3~O~4~ NPs and the macrophage-based microrobots with PLGA-DTX-Fe~3~O~4~ were examined using the dialysis bag technique[@b46][@b47]. Briefly, 100 μg of DTX in PLGA-DTX-Fe~3~O~4~ NPs and the same volume of the drug in the macrophage-based microrobots were prepared in dialysis bags with molecular weight cutoff of 3500 Da, which were immersed in 50 mL tubes containing 20 mL PBS (pH = 7) with 0.1% (w/v) Tween 80 for sink conditions. The release conditions were maintained by keeping the tubes in a shaking incubator at 37 °C and 100 rpm. At each predetermined time interval, 1 mL of the releasing medium was withdrawn and the same volume of PBS was added to the tubes. The drug content in each sample was determined using high-performance liquid chromatography (Shimadzu, Kyoto, Japan). Based on the obtained data, the drug release profiles of DTX in the PLGA-DTX-Fe~3~O~4~ NPs and the macrophage-based microrobots with PLGA-DTX-Fe~3~O~4~ were calculated.

Cytotoxicity test of the macrophage-based microrobots on 4T1 cells
------------------------------------------------------------------

The cytotoxicity of the macrophage-based microrobots was investigated using MTT assays on the 4T1 and CT-26 cell lines. First, the cells were cultured in 96-well plates (SPL life Sciences, Gyeonggi, Korea) at a density of 10^4^ cells/well in 100 μL of the culture medium and incubated overnight in an incubator at 37 °C and 5% CO~2~ for cell attachment. The used medium was removed and the cells were incubated with different samples: macrophages only (10^4^ cells/well); macrophage-based microrobots without the drug (macrophage-based microrobots with PLGA-Fe~3~O~4~, 10^4^ cells/well); and macrophage-based microrobots with the drug (macrophage-based microrobots with PLGA-DTX-Fe~3~O~4~, 10^4^ cells/well) in 100 μL culture medium. The drug concentration in the drug-containing samples was adjusted to 20 ng/mL. After 24 h or 48 h, the spent medium was discarded and the wells were washed twice with PBS (pH = 7). Next, the cells in each well were prepared with MTT (Sigma-Aldrich) in the culture medium at a concentration of 0.5 mg/mL and further incubated for 3.5 h. The medium was replaced with 100 μL of dimethyl sulfoxide (Duksan Pure Chemicals, Gyeonggi, Korea). Finally, the viability of the cells was measured using a micro plate reader (Thermo Scientific, Waltham, CA) at a wavelength of 570 nm.

Statistical Analysis
--------------------

The data were shown as means with standard deviations of three samples. Comparisons of the data were performed using Student's t test; \*represents *P* \< 0.05 and \*\*represents *P* \< 0.01. All experiments were repeated at least three times on separate days, and the data shown in this paper are representative of all of the repetitions.
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![Development of macrophage-based microrobot and therapy.\
Schematic diagram of the macrophage-based microrobot with PLGA-DTX- Fe~3~O~4~ (left); depiction of possible tumor targeting and therapy in an *in vivo* environment (right).](srep28717-f1){#f1}

![Microscopy images of PLGA-DTX-Fe~3~O~4~ nanoparticles.\
(**a**) TEM image of MNP nanoparticles, their size was 7--8 nm in diameter. (**b**,**c**) SEM, TEM images of PLGA-DTX- Fe~3~O~4~ NPs, and (**d**) Size distribution of PLGA-DTX-Fe~3~O~4~ NPs; average size, 300 nm in diameter, (**e**) EDX elementary analysis for identification of Fe distribution in PLGA-DTX- Fe~3~O~4~ NPs. (**f**) Magnetization curve of the PLGA-DTX-Fe~3~O~4~ NPs.](srep28717-f2){#f2}

![Confirmation of internalization of PLGA-DTX-Fe~3~O~4~ NPs into macrophages.\
(**a**) Identification of intracellular fluorescence from PLGA-DTX-Fe~3~O~4~ NPs by confocal microscopy. PLGA-DTX-Fe~3~O~4~ NPs were linked with streptavidin-PerCP-Cy5.5 (red) and the macrophages were stained using FITC (green) (Scale bar 10 μm). (**b**) Cumulative release rate of DTX from macrophage-based microrobots with PLGA-DTX-Fe~3~O~4~ and NPs.](srep28717-f3){#f3}

![Motility enhancement of macrophage-based microrobots in a channel.\
(**a**) (top) Microfluidic channel for evaluating tumor-targeting properties of macrophage-based microrobots; (bottom) comprehensive system for external active actuation and imaging of macrophage-based microrobots (bottom). (**b**) Velocities of the microrobots showing different speeds by number of aggregated cells.](srep28717-f4){#f4}

![Evaluation of active tumor targeting of macrophage-based microrobots.\
(**a--f**) Active targeting of microrobots toward tumor spheroid using external magnetic field for 10 min (Scale bar 100 μm). (**g**--**i**) Tumor spheroid attachment property of the microrobots due to the intrinsic tumor infiltration characteristics of the macrophages (Scale bar 100 μm).](srep28717-f5){#f5}

![Chemotherapeutic effects of macrophage-based microrobots.\
(Top) Microscopy images of tumor cell lines treated with macrophage-based microrobots with PLGA-DTX-Fe~3~O~4~ (Scale bar 30 μm). (Bottom) Quantification of cytotoxicity macrophage-based microrobots with PLGA-DTX- Fe~3~O~4~ against cancer cell lines ((**a**) 4T1, (**b**) CT-26).](srep28717-f6){#f6}
